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There is ample evidence that an antibody-producing cell makes antibody d  a 
single  specificity  (1-5).  However,  it  is still uncertain  whether  or not the im- 
me~te  precursors of antibody-producing cells are restricted in the number of 
antigens to which they can respond. It has been suggested from in vitro (6) and 
in  vivo  (7-10)  experiments  that  separate  populations  of  precursors respond 
independently  to  two  antigens.  However,  this  evidence  is  indirect,  since  in 
each  experiment  a  large  number  of  precursors  were  subjected  to  antigenic 
stimulation,  thereby  making it uncertain  that  each precursor  was effectively 
exposed to an optimal dose of antigen. 
Direct  evidence  would  be  obtained  from  experiments  in  which  a  single 
precursor is exposed simultaneously to two antigens. This paper describes the 
use of the principle of limiting dilution to achieve culture conditions in which a 
single precursor  could be  exposed to two non-cross-reacting antigens.  It was 
found that separate precursors responded independently to each antigen. 
Materials and Methods 
Culture Apparatus.--The culture apparatus used is similar to that described by Marbrook 
(11). The inner chamber consists of a glass cylinder 8 cm long with an internal  diameter of 1 
cm. One end of the cylinder is covered with a dialysis membrane held in place by an elastic 
rubber baud. The cylinder is inserted into a glass vial 2.5 X  5.5 cm and is held in place by a 
stopper made from foam rubber. A foam rubber plug is used to occlude the inner chamber. The 
assembled culture  is autoclaved  prior to use. 
Preparation of Spleen Ce//s.--The spleen cells used in these experiments were obtained from 
10-14 wk old nnirnmuulzed CBA mice (Jackson Laboratories, Bar Harbor, Maine). An appro- 
priate  number of mice were killed, their spleens removed aseptically,  and a cell suspension, 
made in CMRL 1066 (12) and 20%  fetal  calf serum  (Flow Laboratories,  Rockville, Md.). 
Suspensions from individual spleens were then pooled. In some experiments a portion of this 
pool of spleen cells was irradiated  to a dose of 1000 fads ha a zSqCs irradiator  (13). All ceil 
manipulations were done at 4°C using cold tissue culture medium and calf serum. 
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The outer chambers were filled with 9 ml of CMRL 1066 and 20% fetal calf serum,  and 
allowed to warm up to 37°C in CO2 incubator. An  appropriate number of spleen ceils sus- 
pended in 1 ml of CMRL 1066 and 20% fetal calf serum was then placed in the inner chamber, 
and the inner chamber adjusted vertically  until the fluid levels in both chambers were uniform. 
Antig~.--In those cultures in which  stimulation by antigen was desired, an appropriate 
number of sheep red blood ceils (SRBC) or chicken red blood cells (CRBC) was added to the 
inner chamber. The SRBC were obtained at weekly intervals from the same sheep  (Woodlyn 
Farms, Guelph, Ontario). The CRBC were obtained by bleeding separate chickens at weekly 
intervals. Both kinds of red cells were stored in citrate solution at 4°C. Prior to use in the cub 
ture, the red cells were washed three times in sterile phosphate-buffered  saline, and made up to 
the proper concentration in a small amount of CMF,  L  1066. 
Culture Method.--The mixtures of ceils were cultured without agitation, in a humidified 
incubator at 37°C in an atmosphrere of 5% CO2 and room air. After varying periods of time, 
the cells were resuspeuded by vigorous agitation and the suspension assayed for plaque-forming 
cells (PFC) by the method of Jerne et al (14). 
Calculation of Number of Functional Cdls in Limi*ing Dilution Experiments.--Some of the 
data obtained in limiting dilution experiments was analyzed using a Canadian General Electric 
computer program named LIMDI. This program is written in "Basic" L~nguage and computes 
the proportion of functional cells in a suspension tested in a limiting dilution assay. The results 
are expressed as the mean number of functional cells per 106 cells tested 4- the 95% confidence 
limits. From this value the number of spleen cells containing an average of one functional cell 
can be derived. This value can in turn be used to construct theoretical limiting dilution curves 
based upon a Poisson distribution (15). 
RESULTS 
In preliminary experiments (16) a study was made Of the kinetics of the PFC 
response of 2 X  10  ¢ normal spleen cells to either SRBC or CRBC. It was found 
that the peak PFC response to both kinds of erythrocytes occurred on the 4th 
day  of  culture.  In  cultures  of  2  )<  107  spleen  cells  to  which  SRBC  and 
CRBC  were not  added  a  PFC  response  was  seen  when  the  cell  suspension 
was assayed on plates containing SRBC or CRBC. This "background" response 
also peaked on the 4th day of culture, but the magnitude of the peak was less 
than one-seventh of the peak PFC response in the presence of the erythrocytes. 
To  exclude cross-reactivity between  SRBC  and CRBC  cultures containing 
2 X  101 spleen cells and either 2 X  106 SRBC or 2 X  106 CRBC were assayed on 
the 4th day. The cell suspension was divided into two  equM  parts;  half  was 
assayed on plates containing SRBC and half on plates containing CRBC. The 
PFC response to  CRBC  by spleen  cells cultured  in  the  presence  of  SRBC, 
and vice versa,  was  not higher than  the background response  of spleen cells 
cultured without either antigen. Thus,  it was concluded that  there is no sig- 
nificant cross-reactivity between these two antigens. 
The  Use of Irradiated  Spleen  Cells  to  Obtain  a  PFC Response  By a  Small 
Number  of Normal  Spleen  Cells.--An  attempt  was  made  to  determine  the 
kinetics of the PFC response to SRBC by a small number of normal spleen cells. 
However, when  less than  10  ¢ normal spleen cells were cultured with SRBC  a 
very low PFC response was seen. 9AVID OSOSA  143 
It was assumed that the failure of small numbers of normal spleen cells to give 
rise to a PFC response might be analogous to the poor growth of other kinds of 
m~mrnalian cells when these are cultured in small numbers. Puck and Marcus 
(17) found that the presence of irradiated ceils can enhance the growth of un- 
irradiated cells in a  culture system. Therefore, a fraction of the pool of spleen 
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FIG. 1. Response of 2 X  l0  s normal spleen cells to SRBC. The normal spleen cells were 
cultured with 2 X 10  7  irradiated cells and with (X) or without (O) SRBC. Each point repre- 
sents the PFC response in one culture. The solid line is drawn through the geometric mean of 
the separate PFC responses obtained. 
cells to be cultured was irradiated with 1000 rads, and 2 X  107 of the irradiated 
cells were mixed with  2  X  108  unirradiated  spleen  cells. This  mixture  was 
cultured with 2 X  106 SRBC. Control groups consisted  of cultures conta{n{ng 
either a mixture of 2 X  107 irradiated and 2 X  106 normal spleen cells without 
antigen, or 2  X  I0  T irradiated spleen cells and 2 X  106 SRBC. 
It was found that the irradiated spleen cells did not give rise to a PFC  re- 
sponse. The results from cultures containing a mixture of normal and irradiated 
spleen cells are shown in Fig.  1.  It can be seen that the peak PFC response 144  RESTRICTED RESPONSE OF  ANTIGEN-SENSITIVE CELLS 
occurred between the 3rd and 4th days of culture, a  result not significantly 
different from the time at which the peak response was found to occur in cultures 
of 2  X  10  ~ normal spleen  cells. Therefore, in subsequent experiments PFC 
assays were always done on the 4th day of culture. 
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FIG. 2.  The PFC response of increasing numbers of normal spleen cells, mixed with 2 X  l0  T 
irradiated spleen cells and either SRBC or CRBC, or both. The lower graphs show the PFC 
response of spleen cells cultured either with SRBC (Q) either alone (left graph), or with SRBC 
(Q) in the presence of CRBC (right graph). The upper graphs show the PFC response of spleen 
cells cultured either with CRBC (A) alone (left graph), or with CRBC (A) in the presence of 
SRBC (right graph). The background response to either SRBC (O) or CRBC (A) when these 
were absent in the culture is also shown. Each point and error bar represents the geometric 
mean and one standard error. The solid and broken lines indicate the best fit as calculated by 
the method of least squares analysis. DAVID OSOBA  145 
Linear Relationship  Between the Number of Spleen Cells Cultured and the PFC 
Response.--Before attempting to culture spleen ceils at limiting dilution it was 
necessary to show that a linear relationship exists between the number of spleen 
cells cultured and the PFC response. Therefore, 2 X  107 irradiated spleen cells 
were cultured with 2.5  X  10L4 X  l0  s normal spleen ceils. To these mixtures 
either 2 X  l0  s SRBC, 2 X  l0  s CRBC, or both, were added. 
The responses were similar in three separate experiments, and pooled data 
from these experiments is presented in Fig.  2.  It can be seen that  the PFC 
response increased in a linear fashion with increasing numbers of normal spleen 
cells. This linear relationship was present not only when the cells were cultured 
in the presence of either only SRBC or only CRBC, but also when both types of 
TABLE  I 
Number  of Positive  PFC Responses  to  Either  SRBC  or  CRBC When  Varying  Numbers  of 
Spleen  Cells are Cultured in the Presence of One Antigen Alone, or Both Simultaneously 
No, and type of RBC 
2 X  106 SRBC, only 
2 X  106 CRBC, only 
2 X  106 SRBC and 
2 X  106 CRBC 
Response to 
SRBC 
CRBC 
SRBC 
CRBC 
2.5  X  105 
+fr  • 
4/13 
No. unirradiated spleen  cells  per culture 
$ X  106 
+/T 
2/1s 
17/28 
1/13 
5/13 
1 X  106 
+/T 
9/30 
20/27 
6/3o 
17/30 
2  X  10  6  4  X  10  6 
+IT  +IT 
13/29  11/14 
14/14  -- 
14/28  ii/i4 
21/28  13/14 
* +/T, Number of positive cultures per total number of cultures. 
--, No cultures were set up at this cell number. 
erythrocytes were present simultaneously. The background response also in- 
creased in a linear fashion, but the magnitude of this response was always much 
lower than that of the specific response. 
Culture of Normal Spleen Cells at Limiting Dilution  .--From the data presented 
in the previous section it is evident that the culture system detects the presence 
of precursors of PFC. Therefore, it should be possible to culture normal spleen 
cells at an  appropriate number so that  the cultures contain one or no ceils 
responsive to either SRBC  or CRBC. The cultures containing one precursor 
would show an increase in PFC  above background and, therefore, would be 
termed "positive" for precursors of PFC, while cultures not showing an increase 
above background would be "negative." If  the  proportion of positives  and 
negatives obtained experimentally is found to conform to a Poisson distribution 
it could be concluded that limiting dilution conditions had been achieved. It 
then should be possible to expose a  single PFC precursor to both non-cross- 
reacting antigens and by examining the result to determine whether or not that 146  RESTRICTED RESPONSE OF ANTIGEN-SENSITIVE  CELLS 
precursor responded to only one or to both of the antigens. A PFC response to 
both antigens by a single precursor would indicate that the precursor was not 
restricted in its capacity to respond to both non--cross-reacting antigens, while a 
response to only one or the other antigen would indicate restriction in the capac- 
ity of the precursor to respond to more than one antigen. Such restriction would 
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FIG1 3.  Comparison of the results obtained in limiting dilution experiments when small 
numbers of normal spleen cells mixed with 2 X 107 irradiated spleen cells were cultured with 
either SRBC (e) or CRBC (O). PFC assays were done on the 4th day of culture. The solid 
and broken lines indicate the theoretical curves calculated as described in the text. 
be evidence for the existence of separate populations of precursors responsive to 
separate antigens. 
Normal spleen cells, varying in number from 2.5 X  10L4 X  106 per culture, 
were incubated with 2 X  107 irradiated spleen ceils and either 2 X  106 SRBC, 
2 X  106 CRBC, or both. Three separate experiments were performed. 
The designation of a culture as showing a positive response was based upon a 
subtraction of the upper 95 %  confidence limit  of the geometric mean of the 
background response in any one experiment from each specific response. Since 
the results in each experiment were not significantly different from each other, 
the data for all three experiments were pooled. A  summary of the number of I~AVm OSOBA  147 
positive responses for each cell number cultured is presented in Table I. It can be 
seen that there is an increasing number of positive responses with increasing 
numbers of normal spleen cells cultured. 
The per cent of positive cultures at each cell number cultured was compared 
to the calculated theoretical limiting dilution curves. This comparison is shown 
in Fig. 3. It can be seen that the observed results closely parallel the predicted 
values. Therefore, it can be concluded that limiting dilution conditions were 
achieved in this culture system. 
The mean numbers of functional ceils per 106 spleen cells cultured ±  95 % 
confidence limits, as calculated from the data in Table I, are shown in Table II. 
It is apparent that the number of precursors responding to SRBC was 0.33 per 
10  e spleen cells (95 % confidence limits 0.19--0.58)  in those cultures which con- 
TABLE II 
Number of Precursors  Responsive  to Either SRBC  or  CRBC Wken Spleen  Cells  are  Cultured 
with Either One Antigen Alone, or Botk Simultaneously 
No. and type of RBC 
2 X  l0  s SRBC, only 
2 X  l0  s CRBC, only 
2X  10  sSRBCand2X  10  s 
CRBC 
Response to 
SRBC 
CRBC 
SRBC 
CRBC 
No. of precursors per 106 spleen cells 
Mean 
0.33 
1.63 
0.31 
0.76 
95% confidence limits 
(t distribution) 
0.19-0.58 
1.0 -2.65 
0.18-0.55 
0.47-I. 23 
tained only SRBC,  and 0.31  per  106 cells (95% confidence limits 0.18-0.55) 
when CRBC were also present. Thus, there wasno significant difference in the 
number of responding precursors to SRBC when CRBC were also present in the 
culture. The number of precursors responding to CRBC varied from 1.63 per 10  e 
spleen cells (95 % confidence limits 1.0--2.65) when CRBC were present alone in 
the culture, to 0.76 per 106 spleen cells (95 % confidence limits 0.47-1.23) when 
SRBC were also present in the culture. 
Since there was an apparently significant decrease in the number of precursors 
responding to CRBC when SRBC were also in the culture, compared to the 
number responding when only CRBC were present, it was necessary to deter- 
mine whether or not this decrease might be the result of a  competition by 
antigen for available precursors. If such a competitive effect exists, it should be 
accentuated by varying the dose of each antigen in  the  culture. Therefore, 
cultures containing 2  X  10 ~ SRBC and 2  X  10  ~ CRBC, or vice versa, were 
cultured and assayed as before. The results (Table HI) show that the number of 
precursors responding to CRBC was not significantly altered either by varying 
the CRBC concentration, or by the presence of SRBC. 
Finally, an analysis was made of the pattern of responses to either SRBC or to 148  RESTRICTED  RESPONSE  OF  ANTIGEN--SENSITIVE  CELLS 
CRBC when both antigens were present in the culture simultaneously. It can be 
predicted  that  if  a  precursor  of antibody-producing cells is  restricted  in  its 
capacity to respond to both antigens, then its response to one antigen will be 
independent of the presence of the other. If, on the other hand, the capacity to 
respond to both antigens is unrestricted, then a positive response to one antigen 
in any one culture should always be accompanied by a positive response to the 
other. The pattern of responses found when small numbers of normal spleen 
cells were cultured in the presence of both 2 ×  106 SRBC and 2 ×  10  s CRBC is 
shown in Table IV. It can be seen that in some cultures a positive response was 
obtained to CRBC and a negative response to SRBC, and vice versa. In other 
cultures there was either no response or a positive response to both antigens. 
TABLE  III 
Number of Precursors Responsive to CRBC When Spleen Cells are Cultured witk a Low or High 
Concentration of CRBC Alone, or in tke Presence of a Low or High Concentration of SRBC 
No. and type of RBC 
2 X  10  5 CRBC only 
2 X  10  6 CRBC in presence of 2 X  10  7 
SRBC 
2 X 10  7 CRBC only 
2 X  10  7 CRBC in presence of 2 X 10  s 
SRBC 
No. of precursors per I0  e spleen ceils 
Mean 
0.9 
0.63 
0.56 
0.52 
95% confidence limits 
(t distribution) 
0.38-2.11 
0.27-1.49 
0.24-1.27 
0.22-1.22 
A test of independence (18) was applied to the data to determine whether or 
not the responses to  CRBC  and SRBC  when both antigens were present in 
culture were independent of each other. The results are shown in Table V. It can 
be seen that there is no more than chance association of positive responses to 
SRBC and CRBC, i.e., the responses to each of these antigens in the presence of 
the other were entirely independent. 
Comparison  of  the  In  Vitro Results with Results from  Limiting  Dilution 
Experiments Performed In  Viw.--The results from the  in  vitro experiments 
were compared with those from limiting dilution experiments performed in vivo 
in  CBA mice. These in vivo experiments were performed using  the methods 
described by Kennedy et al. (19). 
Cell suspensions containing a mixture of varying numbers of isogeneic spleen 
cells and  l0  s SRBC  or  10  s CRBC  were injected  intravenously into  heavily 
irradiated (950 rads) mice. On the 8th day the mice were killed and a PFC assay 
was performed on cell suspensions obtained from each spleen. 
Spleens were designated as "positive" or "negative" depending on whether or 
not their content of PFC was above background levels.  From the statistical DAVID OSOBA  149 
methods referred to earlier, it was calculated that the number of precursors in 
the  spleen cell suspension responsive to  SRBC  was 0.19  per  10  s  spleen cells 
(95 % confidence limits 0.09-0.41). The number of cells responsive to CRBC was 
0.27  per 10  ° spleen cells (95 %  confidence limits 0.12-0.61).  Since, it has been 
TABLE IV 
PFC Response of Spleen Cdls to Either SRBC or CRBC When Cultured in the Presence of 
both Antigens 
No.  normal 
Exp.  spleen  cells 
No.  cultured 
I  2  X  i0  6 
2  2 X  106 
3  1 X  10  6 
Response 
to 
SRBC 
CRBC 
SRBC 
CRBC 
SRBC 
CRBC 
1 I 
0 
0 
0 
140 
No. ol PFC in Culture  Tube No.* 
89 
19 
0 
14 
0 
0 
0 
33 
0 
47 
0  0 
24  20 
0  14 
50  160 
0 
32 
0 
166 
0 
0  0 
0 
22 
10 
0 
61  , 
0  0 
0 
0 
38 
0 
0 
17 
11 
0 
150 
9 
19 
0 
0 
72 
Posi- 
tive 
culture~  10 
% 
25 
5O 
19  20 
78  70 
66  30 
80  70 
* Background PFC response has been subtracted. 
--, no culture. 
TABLE V 
Test of Independence of the Response to Either SRBC or CRBC When Spleen Cells Are Cultured 
in the Presence of Both Antigens 
~fi-S~C 
-]-  m 
5  13 
2  8 
+ 
x  i -- 0.21,  0.70 >  P  >  0.50,  not  significant. 
shown (19), that only a  fraction of injected cells lodge in the spleen, it can be 
concluded that the values obtained for the number of precursors responsive to 
sheep or chicken RBC are ~qimilar in both the in vivo and in vitro experiments. 
DISCUSSION 
Experiments  were  designed  to  answer  the  question  of  whether  there  is 
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antibody-producing cells can respond. For this purpose, an in vitro method (11) 
was adapted for culturing small numbers of spleen cells by the addition to the 
culture  system of a  relatively large number  of heavily irradiated  isogeneic 
spleen cells. 
It has been shown that this in vitro system provides a  reliable assay for 
precursors of antibody-producing cells since it was possible to achieve a linear 
increase in the number of PFC with an increase in the number of spleen cells 
cultured. Furthermore, by means of a limiting dilution assay, it was possible to 
determine the frequency of precursors which responded to two non-cross-react- 
ing antigens when each antigen was present separately, and to determine if this 
frequency was altered when both antigens were present simultaneously. 
From the results obtained, it is evident that the precursors of cells producing 
hemolysin to either SRBC or CRBC must belong to separate populations, since 
each kind of precursor is found to occur in a different frequency in the same pool 
of spleen cells, regardless of whether they are exposed to a given antigen alone 
or in the presence of a second antigen. Thus,  it can be concluded that the im- 
mediate precursors of antibody-producing cells are restricted in the number of 
antigens to which they can respond. 
The existence of restriction in the capacity of precursors of antibody-produc- 
ing cells to respond to one of two non-cross-reacting antigens implies that such 
restriction must have been present prior to any known initial contact with that 
antigen. Therefore, such cells can be considered to be highly differentiated in 
that their capacity to respond to more than one antigen is limited. It would 
seem that exposure to the specific  antigen serves directly, or indirectly, as a 
trigger which induces proliferation and a production of detectable amounts of 
specific antibody. 
strma~Y 
Experiments  were  designed  to  determine  whether  or  not  precursors  of 
antibody-producing cells are  restricted in  the number of antigens to which 
they can respond. An in vitro culture system was used, in which the successful 
production of hemolysin PFC was dependent on the presence of a large number 
of heavily irradiated spleen cells which did not themselves give rise to PFC, but 
which supported the production of PFC by a  small number of normal spleen 
cells. All spleen cells were obtained from unimmunized CBA mice. The cells 
were mixed with either sheep or chicken erythrocytes, or both, cultured for 4 
days and analyzed for hemolysin PFC. By reducing the number of unirradiated 
spleen cells to limiting dilution it was shown that normal spleen cell suspensions 
contain approximately three times as many precursors capable of responding to 
chicken  erythrocytes as  to  sheep  erythrocytes. In  cultures  containing both 
antigens, the number of precursors responding to one antigen was not affected 
by the presence of the other antigen. In addition, some cultures were positive 
for PFC-producing hemolysin against  chicken erythrocytes, but not against DAVID0S0BA  151 
sheep erythrocytes, and vice versa. This pattern of response was independent of 
the concentration of antigen in the cultures. Thus, the antigen-sensitive  pre- 
cursors for these non-cross-reacting antigens responded  independently of each 
other, indicating that each precursor was restricted in its capacity to respond to 
more than one antigen prior to stimulation. 
I wish to express my gratitude to Patricla Lee, Sandra Coughlin, and Ted Fromson for 
excellent technical assistance; to Dr. J. E. Till for assistance with the statistical analyses, and 
to my colleagues at the Ontario Cancer Institute for their invaluable advice and criticism. 
Note  Added  in  Proof.mSince  the  submission  of  this  manuscript it  has  been 
found that the sensitivity of  the  culture  system is  greatly increased  when  L-as- 
paragine  (General Biochemicals,  Chagrin Falls, Ohio)  in a  concentration of 20/~g/ 
nd  is  added  to the  culture  medium.  Nevertheless,  the  results  of  further  experi- 
ments  have  not  altered  the  conclusion  that  antigen-sensitive precursors  of  PFC 
respond independently to two non-cross-reacting antigens. 
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